ABSTRACT Nanofluids with nanoscale colloidal suspensions having condensed nanomaterials have been found to show highly enhanced physical, chemical, thermal, and transport properties and signify great potential in many fields. In this paper, laser-induced plasmas at liquid-metal phase boundaries are investigated for titanium oxide (TiO 2 ) nanoparticle synthesis in water without any surfactants. The nanoparticles are generated using 1064 nm NdYAG laser ablation in a water confined plasma with 1.5 J laser energy pulsed at 10 Hz for 4 min, which resulted in nanoparticles of size ranging from 5 to 35 nm. The synthesized TiO 2 nanoparticles in water are characterized for their sizes, surface morphology, crystalline structures, and elemental compositions. The dynamic light scattering (DLS) measurements show the synthesized TiO 2 nanoparticles have an average size of 18 nm. The scanning electron microscopy (SEM) measurements show TiO 2 nanoparticles exhibit isolated and agglomerated nanoparticles with near-spherical and irregular surface morphologies. The Transmission electron microscopy (TEM) measurements show TiO 2 nanoparticles with near-spherical and irregular shapes, and the average size of the nanoparticles is ∼17 nm. The selected area electron diffraction (SAED) measurements show single and poly crystalline structures present in the TiO 2 nanoparticles. The energy-dispersive X-ray spectroscopy (EDX) measurements show the purity of TiO 2 nanoparticles with identification of Ti and O elements. The X-ray diffraction (XRD) measurements confirm that the TiO 2 nanoparticles are crystalline in nature and confirmed the presence and coexistence of two crystal phases of TiO 2 nanoparticles, such as anatase and rutile phases, and estimated nanoparticle size in the range between 11 and 31 nm.
I. INTRODUCTION
Nanoparticles are the foundation of nanotechnology which play a significant role in the present century, due to their enhanced size-dependent characteristics compared to extremely fine or larger particles of the same material. Nanoparticles are widely applied as functional elements into volumes, on surfaces, and as nanohybrids, with promising applications in energy, electronic, food, optical and biomedical applications [1] - [4] . The size of nanoparticles can influence many elemental characteristics of nanomaterials, such as bandgap, shape, aggregation, surface, and concentration. Combining nanoparticles and their determined functions as bioactive nanoparticles, ceramic and polymer composites, and nano-biomarkers will emerge in novel nanomaterials
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with enhanced properties thus creating novel materials and innovations in broad areas from energy storage to medical diagnostics and therapy [5] - [9] . Nanofluids, which are generally nanoparticles dispersed in liquids, have been gaining significant attention lately considering their potential in wide range of applications [10] - [13] . Nanofluids are a new class of fluids engineered by dispersing nanoparticles of size less than 100 nm in base fluids. It contains a small volume fraction of nanoparticles, nanowires, or nanotubes for targeted changes in thermal, rheological and other properties. Due to a nanoscale colloidal suspension containing condensed nanomaterials, nanofluids have been found to possess highly enhanced physical, chemical, thermal and transport properties compared to the base fluids, which demonstrates the great potential of nanofluids to a range of applications in many fields such as combustion, liquid propellant catalyst carriers, and reduction of combustion instability in rocket motors, microelectronics, optical and thermal emission devices, energy storage, heat exchangercooling systems, hydrogen generation, nuclear safety, and in underwater and military applications [7] - [13] .
Among wide range of nanofluids, the authors researched titanium-based nanofluids as they are widely experimented for broad range of enhanced characteristics and applications. Titanium oxide (TiO 2 ) nanoparticles/nanofluids is a very versatile dielectric nanomaterial that has enhanced properties including strong oxidation, long-term thermodynamic stability, photo catalytic activity, anti-fogging and ultraviolet resistivity [14] - [18] . Moreover, the high refractive index of TiO 2 makes it attractive for applications as antireflection devices, optical wave guides, etc. It has a wide range of applications and is rapidly gaining research interest in the fields of material science, nanotechnology, biomedicine, environmental engineering, optoelectronic devices, solar industry and cosmetic industry [19] - [23] .
Despite the rapid growth of nanofluids research for a wide range of modern applications, there remain challenges in the current conventional methods of nanofluid synthesis [24] - [27] . Currently, nanofluids are commonly manufactured though several complex and time-consuming stages. First the nanoparticles (nano-powders) are prepared by conventional gas phase processes such as sputtering, thermal evaporation, and physical vapor deposition (PVD) processes. During this phase, the nanoparticles often agglomerate into micro-powders which are later not re-dispersible into functional nanofluids and therefore often settle under gravity resulting in poor temporal stability with colloidal impurities and performance inconsistencies. Thus, requiring complex chemical syntheses to disperse the nano/micro-powders into the functional liquids, which often result in undesired impurities in the nanoparticle colloids caused by additives and chemical precursor reaction products, leading to inconsistent characteristics and performance results.
In previous studies, various two-stage methods are used to prepare TiO 2 nanoparticles such as electrochemical method using stabilizing agent, sol-gel, green synthesis using leaf extract, and pulsed laser ablation [28] - [31] . In the two-stage processes, the TiO 2 nanomaterials are produced in dry phase or in a gaseous environment at first. The TiO 2 nanomaterials are later dispersed in a liquid using chemical precursors and chemical processes. The use of chemical processes introduces alien ions and particles in the base liquid solvent which affects the purity of the whole TiO 2 nanofluid. In this research, laser induced plasmas at liquid-metal phase boundaries is employed as an alternative and transformative technique for synthesizing nanofluids. This technique is promising to address the challenges in the current conventional gas phase processing, such as multiple stages of complex processes, gas-phase chemical reactions and agglomeration, poor temporal stability, colloidal impurities and performance inconsistencies [32] - [35] . In this technique, vacuum chamber is not required since it is not a gas phase process therefore making the overall process continuous and inexpensive.
This technique is versatile in synthesizing nanomaterials in liquids of desired size and shape by controlling the laser fluence, energy, pulse width and laser wavelength.
Plasmas in liquids is a growing field of research, particularly laser induced plasmas in liquids [36] - [38] . Several studies have been done on laser induced plasmas in gases, and at gas-metal phase boundaries including the laser induced breakdown spectroscopy, and in liquid confinements with no boundaries, and in some cases at gas-liquid phase boundaries [32] - [38] . The pulsed laser ablation is used for synthesis of nanoparticles, thin film fabrication, surface cleaning and microstructure fabrication etc. Similar physical processes of laser induced plasmas in liquid confinement are expected to occur in laser induced plasmas at liquid-metal phase boundaries. In general, the temporal processes of laser induced plasmas at liquid-metal phase boundaries can be explained in 3 phases such as initial, intermediate and final phases, as shown in Fig. 1 . In the initial phase ( Fig. 1(a) and (b)) (t ≤ps) should be comprised of laser matter interaction and absorption of laser energy, followed by multiphoton and cascade ionization via inverse Bremsstrahlung (IB) absorption forming microplasma with high plasma temperatures and pressures leading to molten layer of the metal. Later in this phase (t ≤ns), several physical phenomena such as fragmentation, sublimation, and atomization can occur, along with visible plasma emission. In the intermediate phase ( Fig. 1(c) and (d)), the plasma can grow with the emission of shock waves travelling at supersonic speeds (t ∼ns). The plasma-filled cavity will expand spherically in thermal adiabatic conditions, evolving into a cavitation bubble (t ∼ µs) which can grow to a size related to the energy of the bubble and it can last longer than those in gas due to increased pressure and temperature caused by the confining liquid environment. Better energy coupling and excessively energetic laser-induced plasma are also possible by the liquid environment. Later, acoustic transients can be emitted as the cavitation bubble collapses. In the final phase ( Fig. 1(e) ), formation of nanoparticles occur as the plasma of ablated material cools down, and the solid particles can nucleate and substantially grow into clusters through various physical and chemical reactions among the solid particles and liquid molecules.
In this paper, we have focused on using a laser induced plasmas at liquid-metal phase boundary technique for synthesizing titanium-based nanoparticles at liquid-metal phase boundaries with water as the base fluid and titanium as the target metal. Unlike the current conventional methods, chemical precursors are not used in this technique to disperse the TiO 2 nanoparticles. Oxidization of titanium nanoparticles produced in water results in the formation of titanium oxide (TiO 2 ) nanoparticles dispersed in water.
II. EXPERIMENTAL SETUP
The schematic diagram of the experimental setup is shown in Fig. 2 . In this experiment, a pulsed Nd:YAG laser (SpectraPhysics, Indi 40), in a TEM 00 mode with a 1 st harmonic at λ = 1064 nm, 1.165 eV per photon and a 2 nd harmonic at λ = 532 nm, 2.33 eV per photon is used. The laser output is a circular beam of 1 cm cross section diameter with Gaussian distributed beam intensity and 1.0 mrad beam divergence. The full-width at half maximum (FWHM) of the laser pulse is 6 ± 1 ns, with a 1 ns rise/fall time and a maximum available laser output energy of 1.5 J at 10 Hz rep rate. The laser outputs both 1 st and 2 nd harmonic laser beams simultaneously and in order to study the infrared laser induced plasma, the 532 nm 2 nd harmonic crystal generator was detuned and a dichromatic mirror separates any minimal 532 nm laser output from the 1064 nm pump laser. The laser output beam energy is controlled using spatial filter (SF) variable attenuator (VA) and each laser pulse is sampled through an IR beam sampler (BS) and the laser output energy is measured using laser energy meter (EM) (Coherent, FieldMax II). In this experiment, all IR optical components are specially coated, with 98% transparency at 1064 nm. The IR beam is then reflected by a high damage threshold (20 J/cm 2 ) IR coated kinematic mirror (M) (TECHSPEC) in order to obtain a top-down configuration for the IR beam to enter the plasma chamber. The 1 cm diameter IR beam is then passed through a 1064 nm transmission coated 3 cm diameter Zinc Selenide window. The laser beam was focused by using a high-power handling (500 MW/cm 2 ) IR focusing lens mounted inside the plasma chamber. The focusing lens has an effective focal length of 90 mm. The focusing lens is mounted inside the plasma chamber using an adjustable length holder, so that the laser-induced plasma at the liquid metal phase boundary will be positioned at the cylindrical chamber and visible through side windows for diagnostics. The space between the entrance IR window and the objective lens is maintained at the same pressure as that of the chamber pressure in order to avoid differential pressures acting on the focusing lens. Great care was taken to position the focusing lens together with the plasma chamber precisely in the line of sight with the IR laser beam. In addition, using the laser energy meter, it is found that the laser beam experiences a 5% loss as it passes through the coated IR optics, including the attenuator, beam sampler, mirrors and windows. The laser energy available immediately after the focusing lens corresponding to a 1.5 J laser output was measured by the Coherent FieldMax II energy meter to be 1.47 J, corresponding to the measured incident laser energy on the focal spot. The initial focal radius was set at 30-micron radius. A Ti (Nilaco, 99.99% pure) plate with 1 mm thickness was immersed in deionized water. The upper surface of the titanium target was 10 mm below the liquid level in a container with ca. 28 cm 3 in volume during the nanoparticle synthesis process. A synthesis time period of 4 minutes with about 2500 pulses at 10 Hz was fixed for a satisfactory yield of nanocondensates enough for the characterization. The experimental conditions for different characterizations are described in corresponding sections under results and discussion.
III. RESULTS AND DISCUSSION

A. DYNAMIC LIGHT SCATTERING (DLS) RESULTS
The nanoparticle size distribution measurements were performed by using non-invasive dynamic light scattering (Zetasizer ZS, Malvern), also known as photon correlation spectroscopy. The nanoparticle colloidal suspension is subjected to a light beam and as the incident beam gets scattered by the nanoparticles which are in random motion. The scattered light is measured and used to determine the diffusion coefficient of the nanoparticles from which the hydrodynamic radius of near-spherical shaped particles can be calculated by the Stokes-Einstein equation D f = k B T /6π ηR H , where k B is the Boltzmann constant, T is the temperature of the suspension, and η is the viscosity of the surrounding media. The TiO 2 nanoparticles generated in water using the laser induced plasmas at liquid-metal phase boundary technique are transferred to the DLS measurement vials and sonicated prior to the DLS measurements. A set of three consecutive measurements were conducted for each sample set and the average values are presented. The nanoparticle size distribution is presented in Fig. 3 . Particle average size and dispersivity were determined by fitting the measured statistical distributions by a Gaussian fitting. A log-normal function is typically adopted to describe the statistical distributions of nanoparticles, however in this analysis the Gaussian fit is adopted as the degree of confidence is larger than that of the log-normal. The FWHM of Gaussian fitting of the size distribution histogram show the nanoparticle hydro dynamic sizes produced by this technique in the range of ∼10-25 nm with an average size of 18 nm. Very small fractions of nanoparticles of sizes <10 nm is produced with a minimum size observed at ∼5 nm, and similar fractions of nanoparticles of sizes >25 nm were observed with maximum size observed at 35 nm.
B. SCANNING ELECTRON MICROSCOPY (SEM) RESULTS
In order to study the surface morphology and size characteristics of TiO 2 nanoparticles produced using laser plasma ablation in water, field emission scanning electron microscopy (FE-SEM, ZEISS Supra 40VP) was used. To prepare the sample, the TiO 2 colloidal solution produced using laser plasma ablation in water was sonicated (Cole-Parmer Ultrasonicator) for 5 minutes to disperse the nanoparticles. The TiO 2 colloidal dispersion was then drop-cast and dried on silicon substrates, which were then gold sputter coated prior to SEM measurements. The SEM images of TiO 2 nanoparticles taken at different magnifications are shown in Fig. 4 . During the drying process, the TiO 2 nanoparticles observed to be agglomerated. The particles have some near-spherical morphologies although considerable particles lack well-defined facets. The SEM images of the colloids were analyzed by image processing using ImageJ software and the TiO 2 nanoparticle size distributions were statistically analyzed. The formed particles are polydispersed with the sizes ranging in tens of nanometers agglomerated to several hundred nanometers. SEM results confirms the agglomeration of several near spherical as well as irregular shaped TiO 2 nanoparticles. It is evident from the figures that the particles exhibit isolated and agglomerated particles with spherical and irregular shapes. Presence of larger particles together with a granular structure indicated the presence of mixed phases, which could be further demonstrated by the XRD results of the TiO 2 nanoparticles.
C. TRANSMISSION ELECTRON MICROSCOPY (TEM) RESULTS
The TiO 2 nanoparticles synthesized using laser plasma ablation in water were studied by Scanning Transmission Electron Microscope (STEM, JEOL JEM-2100 Lab6). The TiO 2 colloidal solution produced using laser plasma ablation in water was sonicated (Cole-Parmer Ultrasonicator) for 5 minutes to disperse the nanoparticles. The TiO 2 colloidal solution (ca. 1 wt% in concentration) was collected on carbon coated 200 mesh Cu grids for TEM measurements. The Cu grids were subjected to plasma cleaner for 5 minutes prior to collecting the TiO 2 colloidal solution. The TEM bright-field images are captured at 200kV acceleration voltage and ImageJ software is used for image analysis. The TEM bright-field image analysis as shown in Fig. 5 shows that the TiO 2 nanoparticles produced using laser plasma ablation in water are mostly spherical with some irregular shapes. 
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Using the ImageJ software, TiO 2 nanoparticles size distribution was obtained as shown in Fig. 6 . The nanoparticle sizes range from 6 nm to 36 nm with an average particles size of ∼17 nm. The nanoparticle size measured through TEM image analysis show a slightly narrow distribution with a slightly smaller average particle size compared to the DLS size distribution. While the DLS measurements provide the hydrodynamic radius of nanoparticles, the TEM measurement demonstrate the size of solid phase particles. The oxidation layer on the titanium nanoparticles appears to be very thin and does not contain a thick oxidation shell. 
D. SELECTED AREA ELECTRON DIFFRACTION (SAED) RESULTS
The selected area electron diffraction (SAED) diagnostics of the TiO 2 nanoparticles produced using laser plasma ablation in water can reveal the crystallographic characteristics of the nanoparticles through analyzing the arrangement of atoms in the solid nanoparticles. The SAED patterns either contain bright spots indicating the presence of crystalline structures, or small spots forming rings indicating the presence of poly-crystalline structures, or diffuse bands indicating amorphous structures. The SAED diagnostics are performed using JEOL JEM2100 with 80A arc current analysis by diffracting electrons at a selected area of the nanoparticle sample and capturing the emissions. Located below the sample holder on the TEM column is a selected area aperture, which can be inserted into the beam path. Identification of phases was achieved by comparing the diffraction patterns and distances from SAED of samples with ICDD-JCPDS standards. The SAED patterns for the TiO 2 nanoparticles produced using laser plasma ablation in water are shown in Fig. 7 . The presence of bright spots as well as ring formation indicates that the nanoparticles has single and poly crystalline structures. The SAED pattern ring diameters are measured to determine the crystallographic structures of Ti. 
E. ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDX) RESULTS
The elemental chemical compositions present in TiO 2 nanoparticles produced using laser plasma ablation in water were analyzed by point-count energy-dispersive X-ray spectroscopy (EDX) analysis at a beam size of 10 nm. As the sample gets bombarded by an electron beam, electrons are ejected from the sample's surface and an x-ray is emitted to balance the energy difference between the two electrons' 56560 VOLUME 7, 2019 FIGURE 8. Energy-dispersive X-ray spectroscopy (EDX) point count spectrum of TiO 2 nanoparticles synthesized by laser plasma ablation in water.
states. The EDS x-ray detector measures the relative abundance of emitted x-rays versus their energy. The nanoparticles are excited by an X-ray beam and the excited emission spectrum are captured and analyzed. In addition to the chemical or elemental compositions, the EDX technique is also used to determine the important relative magnitude of elements present in the sample. An Oxford Inca energy-dispersive silicon-drift X-ray (EDX) spectrometer that also contain a standard JEOL double-tilt specimen holder and a second JEOL low-background double-tilt holder is used for the EDX measurements. A carbon coated 200 mesh copper grids were used to hold the nanoparticle samples. The EDX spectra were measured with an X-Max TSR silicon drift detector with a solid angle in the range from 0.3 to 0.7 steradians and 200kV acceleration voltage. The EDX spectrum for the TiO 2 nanoparticles produced using laser plasma ablation in water as shown in Fig. 8 . It shows two significant peaks for Ti at 4.52keV and 4.92keV, and a peak for O at 0.52keV. Therefore, it confirms the presence of oxidized Ti nanoparticles (TiO 2 ) with significant Ti and O elements. Trace amounts of copper (Cu, 8.05keV and 8.94 keV) and some amount of carbon (C, 0.27 keV) elements are observed which are caused by the carbon coated copper grid used as the sample holder. Other than these elements, there are no other significant elements identified in the sample, which confirms the purity of the TiO 2 nanoparticles produced using laser plasma ablation in water technique.
F. X-RAY DIFFRACTION (XRD) RESULTS
The EDX measurements revealed the elemental identifications of TiO 2 nanoparticles synthesized using laser plasma ablation in water. However, X-ray diffraction (XRD) investigation and analysis will provide further details of the composition of phases present in the nanoparticles. The structures and phases of the TiO 2 nanoparticles produced using laser plasma ablation in water are investigated using XRD measurements. A Rigaku Ultima-Plus X-Ray Diffractometer using CuKα source (X-ray λ = 0.154059 nm) was used to conduct XRD measurements. The nanoparticle powder for XRD measurements were prepared by drying of the synthesized TiO 2 colloidal solution on a glass substrate. The XRD measurements were carried out in the range of diffraction angles 2θ between 20 • and 90 • at a scan speed of 2 • /minute. The analysis of XRD spectrum peaks as well as the quantitative analysis of the synthesized TiO 2 nanoparticles were carried out using Jade software (Materials Data, Inc.). The XRD diffraction patterns of the TiO 2 nanoparticles produced using laser plasma ablation in water is shown in Fig. 9 . The observed peaks in Fig. 9 2 and demonstrating a good agreement with the JCPDS-ICDD standards. The XRD results show that there were no peaks related to pure Ti element or other metastable phases found in the XRD pattern and thus indicating the complete transformation of Ti into either rutile-TiO 2 or anatase-TiO 2 after laser ablation. The XRD results confirm that the ablated Ti particles completely transformed into TiO 2 nanoparticles produced using laser plasma ablation in water. The TiO 2 nanoparticle average size (D in nm) can be determined using VOLUME 7, 2019 Debye-Scherrer equation, D = kλ / (β cosθ), where k is a proportionality constant, λ is the X-ray wavelength equal to 0.154059 nm, β is the full width at half maximum, and θ is the half the diffraction angle which is the angle between incident and reflected rays. The calculated sizes using this relationship range between 11 nm and 31 nm, which matches within the range of results demonstrated previously.
IV. CONCLUSION
Laser ablation of titanium target in water was carried out to synthesize TiO 2 nanoparticles in water. The produced nanoparticles were characterized for their sizes, surface morphology, crystalline structures and elemental compositions etc. The dynamic light scattering (DLS) measurements show TiO 2 nanoparticles synthesized have an average size of 18 nm. The scanning electron microscope (SEM) measurements show TiO 2 nanoparticles synthesized exhibit isolated and agglomerated nanoparticles with near-spherical and irregular surface morphologies. Transmission electron microscopy (TEM) measurements show TiO 2 nanoparticles with near-spherical and irregular shapes, and the average size of the nanoparticles is ∼17 nm. Selected area electron diffraction (SAED) measurements show single and poly crystalline structures present in the TiO 2 nanoparticles synthesized. The energy-dispersive X-ray spectroscopy (EDX) measurements show the purity of TiO 2 nanoparticles synthesized with identification of Ti and O elements. X-ray diffraction (XRD) measurements confirm that the TiO 2 nanoparticles are crystalline in nature and confirmed the presence and coexistence of two crystal phases of TiO 2 nanoparticles such as anatase and rutile phases, and estimated nanoparticle size in the range between 11 nm and 31 nm. Based on the results demonstrated, the laser ablation at liquid-metal phase boundaries technique investigated in this study to synthesize TiO 2 nanoparticles is promising, cost-effective and encouraging for the development of advanced nanofluids.
